Type 1 diabetes (T1D) is an autoimmune disease that is triggered when immunological tolerance to self-tissues fails, resulting in the autoimmune destruction of pancreatic β cells in genetically predisposed individuals. Although genetic factors play a role in susceptibility to T1D, it is possible that the increase in its prevalence is also a result of environmental factors ([@bib25]). In this context, many experimental models have been used to study T1D, such as nonobese diabetic (NOD) mice and biobreeding rats, in which the disease develops spontaneously, and mouse models induced by chemicals, such as streptozotocin (STZ), cyclophosphamide, and alloxan ([@bib47]; [@bib67]).

Although the NOD mouse is the most widely used model to study T1D, it has some limitations that must be considered when translating its results to clinical studies. In comparison to human islets, for example, NOD mice exhibit much stronger insulitis as shown by histopathology, which, according to [@bib62], is like looking at two different diseases. These differences could help explain why some successful treatments in the NOD mouse model failed to show the same efficacy when used in humans ([@bib26]; [@bib39]; [@bib46]). Therefore, studying other mouse models of the disease should also be considered, especially because other rodent models have several features, such as phenotype and islet cellular infiltrates, which more closely mimic human disease than the NOD mouse ([@bib46]). In this regard, the STZ model appears to be an interesting alternative because, in addition to resembling the disease in humans in various aspects ([@bib35]; [@bib34]), it also represents an immune-mediated mouse model of the disease. In this context, it was shown that the transfer of splenocytes from STZ-injected mice causes insulin resistance and diabetes upon adoptive transfer ([@bib42]; [@bib3]). Accordingly, it has also been shown that athymic nude (*nu/nu)* mice are resistant to STZ-induced diabetes compared with euthymic (+/*nu)* mice ([@bib42]). In addition, anti-insulin antibodies were found in the sera of naive C57BL/6 mice, which are susceptible to STZ-induced diabetes, demonstrating another sign of an autoimmune response in this model ([@bib22]).

Although there have been many studies examining the final effector mechanisms of adaptive immunity in T1D, relatively little information exists concerning the innate immune response in the development of this disease ([@bib29]; [@bib61]). Several lines of evidence support a role for viral infections, especially those caused by enteroviruses, as a causative agent of T1D. Members of the coxsackievirus B (CVB) species have been reported to infect human pancreatic β cells and induce the expression of proinflammatory genes, thus contributing to β cell death ([@bib68]). Recently, the detection of a low-grade enteroviral infection in the islets of patients newly diagnosed with T1D has been reported ([@bib31]), which further supports the notion that viral infections may contribute to disease progression. In mice, several virally induced mouse models of T1D have been established, such as mouse models infected with the encephalomyocarditis virus ([@bib16]) or CVB ([@bib69]), or the mouse model in which the host is genetically altered to express a viral antigen on their pancreatic β cells (RIP-LCMV mouse model; [@bib63]; [@bib15]).

The intestinal microbiota has also been considered an important component of T1D development ([@bib62]; [@bib54]). However, whether it plays a protective or pathogenic role in the disease remains controversial. In this context, it has been shown that, in rodent models, diabetes is aggravated upon administration of antibiotics (Abx; [@bib5]). Other studies, however, have shown the exact opposite ([@bib10]). In humans, subclinical immune activation ([@bib50]; [@bib65]) and signs of impaired T reg subsets ([@bib57]) in the intestine of T1D patients were found. Additionally, it has been shown that T1D diabetic patients have alterations in the epithelial barrier of the gut, the so-called leaky gut ([@bib60]), which also indicates a possible correlation between the gut microbiota and T1D development.

Nonetheless, the precise mechanisms by which the intestinal microbiota contribute to autoimmunity remain poorly understood. In this regard, it has been shown that microbe-associated molecular patterns derived from the microbiota activate the host innate immune system via pattern-recognition receptors, such as TLRs and nucleotide-binding domain and leucine-rich repeat containing receptors (NLRs) present in intestinal epithelial and myeloid cells ([@bib58]). Thus, the activation of TLRs and NLRs could be implicated in the mechanisms by which bacterial translocation and further recognition trigger autoimmune diseases. The nucleotide-binding oligomerization domain containing 2 (NOD2) is an intracellular receptor that belongs to the NLR family and recognizes the bacterial component muramyl dipeptide (MDP). NOD2 has been shown to play an important role in maintaining gut homeostasis ([@bib6]) and to induce a proinflammatory immune response by myeloid cells, thus promoting immunity against a variety of viral and bacterial pathogens ([@bib45]). However, the possible role of this receptor in recognizing translocated bacteria from the gut and triggering autoimmune diseases is still undetermined. Considering that TLR2^−/−^ ([@bib19]), TLR4^−/−^ ([@bib18]), and Myd88^−/−^ ([@bib7]) mice have been shown to develop STZ-induced T1D equivalently to WT mice, we aimed to evaluate the role of the NOD2 receptor in the pathogenesis of T1D using the multiple low doses (MLD-STZ) mouse model. Our data demonstrate that STZ-injected WT mice display an altered gut microbiota, accompanied by the translocation of commensal bacteria from the intestinal tract to the pancreatic LNs (PLNs) in STZ-induced diabetes. This translocation is responsible for the activation of the NOD2 receptor in myeloid cells inside the PLNs, thereby driving the differentiation of pathogenic Th1 and Th17 cells, which in turn contributes to the pathogenesis of the disease.

RESULTS {#s01}
=======

NOD2 receptor activation confers susceptibility to STZ-induced T1D development {#s02}
------------------------------------------------------------------------------

To evaluate the role of NOD2 in the pathogenesis of T1D, C57BL/6 WT male mice were inoculated intraperitoneally with multiple low doses of STZ (MLD-STZ; 40 mg/kg) for five consecutive days. They were then assessed for mRNA expression of *Rip2*, *Nod1*, and *Nod2* in the PLNs 7 and 15 d after starting the STZ injections ([Fig. 1 A](#fig1){ref-type="fig"}). Only a small difference in *Rip2* expression was found on day 7, but we observed an increase in *Rip2*, *Nod1*, and *Nod2* mRNA expression in the PLNs on day 15 in mice injected with STZ compared with naive mice ([Fig. 1, B, C, and D](#fig1){ref-type="fig"}, respectively). Of note, no differences in mRNA expression between naive and vehicle-injected WT mice were found (unpublished data).

![**The NOD2 receptor contributes to T1D pathogenesis.** WT and NOD2^−/−^ mice were injected with STZ or vehicle solution (nondiabetic) for five consecutive days (40 mg/kg/d). The PLNs were recovered at 7 and 15 d after the start of STZ injections (A) for the quantification of the relative mRNA expression of *Rip2* (B), *Nod1* (C), and *Nod2* (D) by RT-PCR. NOD mice and NOR mice (10--12 wk of age) were sacrificed to collect the PLNs for the analysis of *Rip2* (E), *Nod1* (F), and *Nod2* (G) gene expression by RT-PCR. C57BL/6 mice lacking Rip2 (I), NOD1 (J), and NOD2 (K) were also analyzed for blood glucose levels 15 d after the STZ injections (H) and diabetes incidence. CD3^+^ lymphoid or CD11b^+^ myeloid cells from the PLNs were isolated by FACS from WT diabetic or nondiabetic mice 15 d after the STZ injections and were assessed for the mRNA relative expression of *Nod2* by RT-PCR (L). The results are expressed as the mean ± SEM (*n* = 3--10 mice per group). The results are representative of at least two independent experiments or a compilation of two to ten different experiments (H-K). \*, P ≤ 0.05 was considered statistically significant; \*\*\*, P≤ 0.001; n.s. = not significant; n.d. = not detected.](JEM_20150744_Fig1){#fig1}

We also evaluated the expression of *Rip2*, *Nod1*, and *Nod2* in the NOD mouse model of T1D. Corroborating our results in the STZ model, we found an increase in *Nod1* and *Nod2* but not *Rip2* expression in the PLNs of prediabetic NOD mice (10--12 wk of age) compared with diabetes-resistant NOR (nonobese-resistant) mice ([Fig. 1, E--G](#fig1){ref-type="fig"}). To further explore whether NOD1 or NOD2 has an effect on T1D development, we used the MLD-STZ model in WT, Rip2^−/−^, NOD1^−/−^, and NOD2^−/−^ mice, and disease incidence was monitored. Interestingly, Rip2^−/−^ and NOD1^−/−^ mice were as susceptible to STZ-induced diabetes as WT mice, presenting a robust increase in their blood glucose levels ([Fig. 1 H](#fig1){ref-type="fig"}), and became diabetic similarly to WT mice ([Fig. 1, I and J](#fig1){ref-type="fig"}, respectively). Surprisingly, the majority of NOD2^−/−^ mice did not develop hyperglycemia after the STZ injections ([Fig. 1 H](#fig1){ref-type="fig"}) and were protected from STZ-induced diabetes (P = 0.0008; [Fig. 1 K](#fig1){ref-type="fig"}). Blood glucose levels were analyzed for up to 1 mo after the STZ injections in the NOD2^−/−^ mice cohort, and whereas STZ-injected WT mice reached ∼90% disease incidence, only half of the STZ-injected NOD2^−/−^ mice developed the disease after the STZ injections ([Fig. 1 K](#fig1){ref-type="fig"}). To investigate if NOD2 is important in the myeloid or lymphoid compartment, myeloid CD11b^+^ and lymphoid CD3^+^ cells were isolated from the PLNs of diabetic mice and assessed for *Nod2* mRNA expression by RT-PCR. We found that *Nod2* is up-regulated 15 d after the STZ injections in myeloid, but not lymphoid, cells ([Fig. 1 L](#fig1){ref-type="fig"}), indicating that this receptor possibly mediates its effects in the myeloid compartment. These data indicate that NOD2, in a Rip2-independent pathway, has an important role in STZ-induced T1D pathogenesis.

To confirm our findings, we analyzed clinical parameters, such as blood glucose kinetics and body weight. In fact, WT mice had increased blood glucose levels on day 10 and reached a peak on day 15 after the STZ injections, whereas most of the NOD2^−/−^ mice remained euglycemic throughout the same period ([Fig. 2 A](#fig2){ref-type="fig"}). Additionally, NOD2^−/−^ mice did not lose body weight compared with WT mice ([Fig. 2 B](#fig2){ref-type="fig"}). To assess whether the hyperglycemia caused by the STZ injections is a consequence of insufficient insulin production or insulin resistance, both glucose tolerance tests (GTT) and insulin tolerance tests (ITTs) were performed. As expected, STZ-injected WT mice exhibited impaired glucose tolerance, whereas NOD2^−/−^ mice were able to restore their blood glucose levels back to normal ([Fig. 2 C](#fig2){ref-type="fig"}). Interestingly, when STZ-injected WT mice were provided with insulin during the ITT test, they were able to respond and decrease their blood glucose levels similarly to vehicle-injected WT mice ([Fig. 2 D](#fig2){ref-type="fig"}), thus indicating that the hyperglycemia observed after the STZ injections is a consequence of the absence of insulin production and not of insulin resistance. Consistent with the observed resistance of NOD2^−/−^ mice to STZ-induced diabetes, STZ-injected WT mice presented lower levels of insulin in the serum, whereas STZ-injected NOD2^−/−^ mice had normal levels ([Fig. 2 E](#fig2){ref-type="fig"}).

![**NOD2 is required for the inflammatory infiltrate inside the pancreatic islets in T1D.** WT and NOD2^−/−^ mice were injected with STZ or vehicle solution (nondiabetic) for five consecutive days (40 mg/kg/d). The mice were analyzed for blood glucose levels at days 1, 7, 10, and 15 (A) and body weight was monitored at days 1, 7, and 15 after beginning the STZ injections (B). These mice were then sacrificed on day 15, and the serum was recovered for insulin quantification by ELISA (E). On day 15, both GTT (C) and ITT (D) were performed on WT or NOD2^−/−^ mice injected with STZ or vehicle solution. The inflammatory infiltrate within the pancreatic islets (insulitis; F, top), insulitis score (G), insulin expression (F, middle), and β cell death (F, bottom) of WT and NOD2^−/−^ mice were assessed by H&E staining (40×), immunohistochemistry, or TUNEL assay (20×), respectively. A quantitative analysis of insulin expression by immunohistochemistry (H) and β cell death by TUNEL assay (I) of WT and NOD2^−/−^ mice was performed using ImageJ software (National Institutes of Health). The results are representative of two independent experiments. The results are expressed as the mean ± SD (A) or the mean ± SEM (B--E and H--I; *n* = 4--6 mice per group). \*, P ≤ 0.05; \*\*\*, P ≤ 0.001; n.s. = not significant.](JEM_20150744_Fig2){#fig2}

To test whether the resistance observed in NOD2^−/−^ mice to STZ-induced T1D could be attributed to a reduced proinflammatory response within the pancreatic islets, WT and NOD2^−/−^ mice were injected with STZ, and both inflammatory and histological parameters were assessed. Histological analysis showed that STZ-injected NOD2^−/−^ mice exhibited a milder inflammatory infiltrate (insulitis) with less invasive insulitis in the pancreatic islets ([Fig. 2, F](#fig2){ref-type="fig"}, top, and G) Consistent with these results, NOD2^−/−^ mice exhibited increased staining for insulin relative to WT mice in the pancreatic islets after the STZ injections ([Fig. 2, F](#fig2){ref-type="fig"}, middle, and H). We also performed TUNEL staining to determine the extent of β cell death and, in agreement with the insulitis score and insulin staining, STZ-injected NOD2^−/−^ mice showed lower TUNEL staining compared with STZ-injected WT mice ([Fig. 2, F](#fig2){ref-type="fig"}, bottom, and I). Collectively, these data suggest that NOD2 activation leads to the destruction of insulin-producing β cells in the pancreatic islets, resulting in the onset of STZ-induced diabetes.

NOD2 receptor activation in DCs and macrophages induces a proinflammatory immune response in STZ-induced T1D {#s03}
------------------------------------------------------------------------------------------------------------

NOD2 has been shown to be highly expressed by DCs ([@bib56]) and macrophages ([@bib11]). Because we found that NOD2 mediates its effects through the myeloid compartment ([Fig. 1 L](#fig1){ref-type="fig"}), we next assessed whether NOD2 deficiency suppressed the induction of a proinflammatory immune response by myeloid cells, thus contributing to STZ-induced diabetes resistance. In fact, in vitro experiments with bone marrow--derived DCs from NOD2^−/−^ mice stimulated with the NOD2 ligand, MDP, and LPS showed a lower production of cytokines related to Th17 and Th1 cell polarization, such as IL-1β, IL-6, IL-23, and IL-12p40, compared with DCs from WT mice ([Fig. 3, A--D](#fig3){ref-type="fig"}, respectively). To further confirm the importance of NOD2 in driving Th1 and Th17 differentiation, bone marrow--derived DCs from WT or NOD2^−/−^ mice were co-cultured with naive CD4^+^ T cells in the presence of MDP for 5 d. As expected, MDP induced the differentiation of Th1 ([Fig. 3, E and G](#fig3){ref-type="fig"}) and Th17 cells ([Fig. 3, F and H](#fig3){ref-type="fig"}) in vitro only in the presence of bone marrow--derived DCs from WT, but not from NOD2^−/−^, mice. These results suggest that NOD2 activation in DCs is implicated in the production of proinflammatory cytokines required for the generation and expansion of Th1 and Th17 cells in vitro.

![**NOD2 activation triggers a proinflammatory response in vitro.** Bone marrow--derived DCs from WT or NOD2^−/−^ mice were stimulated with LPS alone (200 ng/ml) for 24 h in the presence or absence of MDP (10 µg/ml). The levels of IL-1β (A), IL-6 (B), IL-23 (C), and IL-12p40 (D) were measured in the supernatant by ELISA. Alternatively, bone marrow--derived DCs from WT or NOD2^−/−^ mice were co-cultured with naive CD4^+^ T cells in the presence of MDP (10 µg/ml) for 5 d and were then assessed for the presence of CD4^+^ IFN-γ^+^ (Th1; E) and CD4^+^IL-17^+^ (Th17; F) cells by flow cytometry. The concentrations of IFN-γ (G) and IL-17 (H) were measured in the supernatant by ELISA. The results are expressed as the mean ± SEM. At least four technical replicates per group were used in each in vitro experiment. \*, P ≤ 0.05; \*\*, P ≤ 0.01; \*\*\*, P ≤ 0.001.](JEM_20150744_Fig3){#fig3}

To assess the role of the NOD2 receptor in triggering a pathogenic immune response in vivo, NOD2^−/−^ and WT mice were injected with STZ and, 15 d later, the production of proinflammatory cytokines, such as IL-6 and IL-12, was assessed in the PLNs by flow cytometry ([Fig. 4, A--D](#fig4){ref-type="fig"}). DCs ([Fig. 4, A and B](#fig4){ref-type="fig"}) and macrophages ([Fig. 4, C and D](#fig4){ref-type="fig"}) from STZ-injected NOD2^−/−^ mice failed to induce the production of IL-6 and IL-12 in the PLNs compared with STZ-injected WT mice.

![**NOD2 activation triggers a proinflammatory immune response by myeloid cells in vivo.** Cells from the PLNs (A--F) and pancreas (G and H) of WT or NOD2^−/−^ mice were harvested 15 d after vehicle or STZ administration. The frequency and absolute numbers of IL-6-- and IL-12--producing DCs (CD11c^+^; A and B) and macrophages (Mϕs; CD11b^+^F4/80^+^; C and D) were assessed by flow cytometry. Next, the frequency of CD206^+^ cells gated on CD11b^+^F4/80^+^ (M2 macrophages) was assessed by flow cytometry (E). Additionally, the expressions of CD11b in DCs from the PLNs (F) and pancreas (G), along with the IL-10 production by CD11b^+^ or CD11b^−^ cells (gated on CD11c^+^ cells) in the pancreatic tissue (H), were also analyzed by flow cytometry. Doublets exclusion and a pregate excluding lymphocytes based on FSC/SSC were performed. Data are representative of at least two independent experiments. The results are expressed as the mean ± SEM (*n* = four to six mice per group). ^\#^, P ≤ 0.05 compared with CD11b^+^ compartment; \*, P ≤ 0.05; \*\*, P ≤ 0.01; \*\*\*, P ≤ 0.001.](JEM_20150744_Fig4){#fig4}

Because DCs and macrophages from STZ-injected NOD2^−/−^ mice failed to promote a proinflammatory immune response in the PLNs, we then assessed whether these cells were actually inducing a tolerogenic immune response, thus corroborating the resistance observed in NOD2^−/−^ mice. Surprisingly, macrophages from STZ-injected NOD2^−/−^ mice presented an increased expression of CD206, a known marker of an antiinflammatory M2 phenotype ([Fig. 4 E](#fig4){ref-type="fig"}). On the other hand, DCs from STZ-injected NOD2^−/−^ mice had a robust increase in the expression of CD11b (CD11c^+^CD11b^+^ cells) inside the PLNs ([Fig. 4 F](#fig4){ref-type="fig"}) and pancreas ([Fig. 4 G](#fig4){ref-type="fig"}), which has previously been associated with a tolerogenic DC phenotype in a mouse model of T1D ([@bib30]). To confirm this tolerogenic phenotype, the production of IL-10 inside the CD11b^+^ or CD11b^−^ compartments (gated on CD11c^+^ cells) was analyzed in the pancreatic tissue of both STZ-injected WT and NOD2^−/−^ mice. As demonstrated in [Fig. 4 H](#fig4){ref-type="fig"}, the CD11b^+^ compartment accounts for most of the IL-10 production in both WT and NOD2^−/−^ mice injected with STZ, thus corroborating a tolerogenic role of these double-positive DCs. Interestingly, we also observed a small, yet statistically significant, increase in the IL-10 production from CD11c^+^CD11b^+^ DCs from STZ-injected NOD2^−/−^ mice compared with WT mice ([Fig. 4 H](#fig4){ref-type="fig"}, closed circles). Overall, these results suggest that the activation of the NOD2 receptor plays an important role in inducing a proinflammatory immune response by myeloid cells in the PLNs, thus contributing to STZ-induced T1D.

NOD2 receptor activation is involved in the generation of Th1 and Th17 cells in vivo in STZ-induced T1D {#s04}
-------------------------------------------------------------------------------------------------------

Because DCs and macrophages from mice lacking NOD2 produce less cytokines related to the generation of Th1 and Th17 cells in vitro and in vivo, we next investigated whether NOD2 deficiency interferes with Th1 and Th17 cell populations in vivo. As expected, STZ-injected NOD2^−/−^ mice had lower frequencies and absolute numbers not only of Th1 and Th17 cells but also of Tc1 and Tc17 cells compared with STZ-injected WT diabetic mice in the PLNs ([Fig. 5, A--C](#fig5){ref-type="fig"}). The decreased numbers of Th1 and Th17 cells in the PLNs correlated with lower levels of Th1 and Th17 cells in the pancreatic tissue ([Fig. 5, E and F](#fig5){ref-type="fig"}). These findings confirmed that NOD2 activation in the PLNs leads to the generation of Th1 and Th17 cells during STZ-induced T1D development. Interestingly, STZ-injected Rip2^−/−^ mice were able to mount a Th1 and Th17 cell immune response ([Fig. 5 D](#fig5){ref-type="fig"}) similar to that seen in STZ-injected WT mice ([Fig. 5, A--C](#fig5){ref-type="fig"}), indicating that NOD2 is possibly recruiting another adaptor molecule besides Rip2 to induce the differentiation of Th1 and Th17 cells in vivo during STZ-induced diabetes.

![**The NOD2 receptor is involved in the generation of Th1 and Th17 cells in vivo.** Cells from the PLNs (A, B, C, D, G, and I) or pancreas (F) of WT, Rip2^−/−^, or NOD2^−/−^ mice were harvested 15 d after vehicle or STZ administration. The frequency (A and G) and absolute numbers (B--D, F, G, and I) of CD4^+^IFN-γ^+^ (Th1), CD8^+^IFN-γ^+^ (Tc1), CD4^+^IL-17^+^(Th17), CD8^+^IL-17^+^(Tc17), and CD4^+^Foxp3^+^(T reg) cells and the Foxp3/RORγt cell ratio were assessed by flow cytometry. The gate was set on CD3^+^ T cells. Alternatively, the production of IFN-γ and IL-17 (E), IL-10 alone (H), or the IL-10/IL-17 ratio (J) was measured in the pancreatic tissue by ELISA 15 d after the STZ injections. Data are representative of at least two independent experiments. The results are expressed as the mean ± SEM (*n* = 4--6 mice per group). \*, P ≤ 0.05; \*\*, P ≤ 0.01; \*\*\*, P ≤ 0.001.](JEM_20150744_Fig5){#fig5}

In addition, we observed that the absolute numbers of regulatory T (T reg) cells were elevated in the PLNs of STZ-injected NOD2^−/−^ mice compared with STZ-injected WT mice ([Fig. 5 G](#fig5){ref-type="fig"}). Consistent with these results, the Foxp3/RORγt ratio was also found to be increased in the PLNs of STZ-injected NOD2^−/−^ mice compared with STZ-injected WT mice ([Fig. 5 I](#fig5){ref-type="fig"}). Additionally, higher IL-10 production ([Fig. 5 H](#fig5){ref-type="fig"}) and consequential increases in the IL-10/IL-17 ratio ([Fig. 5 J](#fig5){ref-type="fig"}) in the pancreatic tissue were also observed in NOD2^−/−^ mice after STZ injections. These data suggest that NOD2 receptor activation skews the immune response toward a Th1 and Th17 profile over T reg cells, thus favoring the onset of STZ-induced T1D.

Gut microbiota translocation to the PLNs is implicated in T1D development {#s05}
-------------------------------------------------------------------------

Several studies have demonstrated a possible interaction between altered intestinal microbiota and T1D ([@bib51]; [@bib8]; [@bib10]; [@bib60]; [@bib9]; [@bib54]). However, it is still unclear how the intestinal microbiota can affect autoimmune processes at sites distal from the intestine, such as the pancreatic islets ([@bib54]). Because NOD2 was found to be up-regulated in the PLNs of diabetic mice ([Fig. 1, D and G](#fig1){ref-type="fig"}), we hypothesized that the activation of this receptor could be caused by bacterial translocation from the gut to the PLNs. We detected bacteria inside the PLNs of STZ-injected WT mice by CFU and 16S PCR analysis ([Fig. 6, A and B](#fig6){ref-type="fig"}, respectively). Interestingly, we also found a sixfold increase in 16S rRNA expression in the PLNs of NOD mice compared with NOR mice ([Fig. 6 B](#fig6){ref-type="fig"}). Thus, to further assess the contribution of the gut microbiota to activating the NOD2 receptor inside the PLNs, WT mice were provided daily doses of a cocktail of four Abx (metronidazole, vancomycin, ampicillin, and neomycin) for 2 wk before the STZ injections. Alternatively, WT mice were given MDP in the drinking water during the antibiotic treatment and STZ injections ([Fig. 6 C](#fig6){ref-type="fig"}). Interestingly, we detected the presence of bacteria not only in the PLNs but also inside the mesenteric LNs (MLNs; [Fig. 6 D](#fig6){ref-type="fig"}). Surprisingly, antibiotic treatment prevented bacterial translocation to the PLNs but not to the MLNs ([Fig. 6 D](#fig6){ref-type="fig"}).

![**Gut microbiota translocation to the PLNs triggers NOD2 activation.** Vehicle or STZ-injected WT mice were sacrificed, and PLNs were collected for the analysis of bacterial translocation by counting CFU (A) or 16S PCR (B). NOD and NOR mice (10--12 wk of age) were also sacrificed for the analysis of 16S expression in the PLNs by PCR (B). Alternatively, WT (C57BL/6) mice were administered daily doses of a cocktail of Abx for 2 wk before the injections with STZ (C). During the Abx and STZ administration, mice were supplemented or not supplemented with MDP in the drinking water at a fixed concentration of 1 µM. The PLNs and MLNs (D) of WT mice were recovered 15 d after vehicle or STZ administration. The samples were then cultured on BHI agar medium for 48 h at 37°C, and CFU was assessed. The relative abundance of fecal bacterial genera (E) of vehicle-injected, STZ-injected, and Abx-treated STZ-injected WT mice was evaluated by 16S rRNA gene sequencing (F). A taxonomic cladogram comprising all detected taxa. Bacterial taxa that were significantly different among all pairwise comparisons were used as inputs for the Linear Discriminant Analysis Effect Size software. The rings of the cladogram stand for phylum (innermost), class, order, family, and genus (outermost), respectively. Enlarged colored circles are the differentially abundant taxa identified to be metagenomic biomarkers. Mice treated as in C were analyzed for blood glucose levels (G), diabetes incidence (H), the inflammatory infiltrate (I \[top\] and J), insulin production within the pancreatic tissue (I \[middle\] and K) and the extent of β cell death (I \[bottom\] and L) by H&E, immunohistochemistry, and TUNEL assay, respectively. Insulin levels in the serum were also quantified (M). NOD2^−/−^ mice treated with Abx were given fecal samples from C57BL/6 WT mice (NOD2(WT)) and were then injected with STZ for the assessment of the blood glucose levels 15 d later (N). The MLNs (O) and PLNs (P) of NOD2^−/−^ mice injected with STZ or vehicle solution were recovered 7 or 15 d after the injections and were assessed for the presence of bacteria by CFU count. Data are representative of at least two independent experiments or a compilation of four independent experiments (G and H). The results are expressed as the mean ± SEM (*n* = 4--6 mice per group). \*, P ≤ 0.05; \*\*, P ≤ 0.01; \*\*\*, P ≤ 0.001.](JEM_20150744_Fig6){#fig6}

It has been demonstrated that dysbiosis is intimately related to bacterial translocation ([@bib41]; [@bib20]; [@bib21]). Therefore, to investigate whether the bacterial translocation to the MLNs and PLNs observed in STZ-injected WT mice is related to differences in the gut microbial composition, we analyzed the composition of the gut microbiota of diabetic mice by 16S rRNA gene sequencing. Interestingly, several differences were found between groups at the genera level ([Fig. 6 E](#fig6){ref-type="fig"}). More specifically, the *Bacteroides* (phylum Bacteroidetes, family Bacteroidaceae), *Oscillospira* (phylum Firmicutes, family Ruminococcaceae), *Sutterella* (phylum Proteobacteria, family Alcaligenaceae), and *Bifidobacterium* (phylum Actinobacteria, family Bifidobacteriaceae) genera increased only in STZ-injected WT mice but not in the other groups. Notably, the *Oscillospira* genus has been reported as an important gut microbe that disrupts the gut epithelial barrier and contributes to bacterial translocation in a mouse model of obesity ([@bib32]).

We also analyzed the taxonomic abundance using the linear discriminant analysis effect size ([@bib52]; [@bib43]) to determine which bacterial taxa were significantly increased in the gut microbiota of all groups. Using this analysis, we found that the genus *Bacteroides,* the family Bacteroidaceae, and the phylum Proteobacteria were significantly increased in STZ-injected WT mice compared with vehicle-injected WT mice ([Fig. 6 F](#fig6){ref-type="fig"}). Interestingly, the genera *Akkermansia* (phylum Verrucomicrobia, family Verrucomicrobiaceae) and *Parabacteroides* (phylum Bacteroidetes, family Porphyromonadaceae) were enriched in Abx-treated STZ-injected WT mice compared with STZ-injected WT mice. In contrast, the order Clostridiales (phylum Firmicutes) was increased in STZ-injected WT mice. Overall, these results suggest that during STZ-induced diabetes, there is an alteration of the microbial composition in the gut, which may induce the bacterial translocation to the MLNs and PLNs. Additionally, antibiotic treatment was able to prevent the dysbiosis observed in STZ-injected WT mice, possibly contributing to the inability of bacteria to reach the PLNs in these mice.

NOD2 activation is sufficient to reestablish diabetes in diabetes-resistant, Abx-treated, STZ-injected WT mice {#s06}
--------------------------------------------------------------------------------------------------------------

Because we found that antibiotic treatment abrogated the bacterial translocation to the PLNs ([Fig. 6 D](#fig6){ref-type="fig"}), possibly impairing NOD2 activation and the consequent induction of a pathogenic Th1 and Th17 cell immune response, we then analyzed whether the administration of Abx had any effect on diabetes incidence.

Interestingly, Abx-treated STZ-injected WT mice were completely resistant to STZ-induced T1D ([Fig. 6, G and H](#fig6){ref-type="fig"}), which supports the idea that the accumulation of commensal bacteria inside the PLNs plays a critical role in diabetes development. Notably, when Abx-treated STZ-injected WT mice received the NOD2 ligand MDP in their drinking water, both hyperglycemia and diabetes incidence were reestablished ([Fig. 6, G and H](#fig6){ref-type="fig"}), along with a robust inflammatory infiltrate within the pancreatic islets ([Fig. 6, I](#fig6){ref-type="fig"}, top, and J). Additionally, a reduction in insulin staining inside the pancreatic islets ([Fig. 6, I](#fig6){ref-type="fig"}, middle, and K) and in insulin levels in the serum ([Fig. 6 M](#fig6){ref-type="fig"}), together with an increase in β cell death analyzed by TUNEL staining ([Fig. 6, I](#fig6){ref-type="fig"}, bottom, and L), was also observed in Abx-treated STZ-injected WT mice provided with MDP. Collectively, these data suggest that the gut microbiota plays a crucial role in mediating STZ-induced diabetes via the activation of the NOD2 receptor inside the PLNs.

NOD2-deficient mice have already been shown to harbor a different gut microbiota composition compared with C57BL/6 WT mice ([@bib48]), which was later associated with an increase in regulatory T cells in the lamina propria (LP regulatory cells; [@bib1]). To rule out the possibility that NOD2^−/−^ mice are resistant to STZ-induced T1D as a result of tolerogenic microbiota, Abx-treated NOD2^−/−^ mice were transplanted with the microbiota of WT mice and were then injected with five doses of STZ. Interestingly, NOD2^−/−^ mice harboring the gut microbiota of WT mice (NOD2\[WT\]) were still resistant to STZ-induced diabetes, suggesting that the absence of the NOD2 receptor rather than a tolerogenic microbiota is impairing diabetes development in NOD2^−/−^ mice ([Fig. 6 N](#fig6){ref-type="fig"}). We also analyzed the presence of bacteria inside the MLNs and PLNs of STZ-injected NOD2^−/−^ mice to exclude the possibility that these mice are resistant to STZ-induced diabetes because there is no translocation of bacteria to the PLNs. Interestingly, STZ-injected NOD2^−/−^ mice had bacteria inside their MLNs ([Fig. 6 O](#fig6){ref-type="fig"}) and PLNs ([Fig. 6 P](#fig6){ref-type="fig"}) 15 d after the STZ injections. Surprisingly, bacteria were also found at earlier time points in NOD2^−/−^ mice, such as 7 d after the STZ injections, and even in naive NOD2^−/−^ mice. These data corroborate several studies that demonstrated the importance of the NOD2 receptor in maintaining homeostasis in the gut epithelial barrier ([@bib45]). Overall, these data suggest that resistance of NOD2^−/−^ mice to STZ-induced diabetes is not a result of tolerogenic microbiota or impaired bacterial translocation to the PLNs.

MDP supplementation restores the generation of Th1 and Th17 cells in the PLNs after antibiotic treatment {#s07}
--------------------------------------------------------------------------------------------------------

To verify that the immune response triggered by the activation of the NOD2 receptor inside the PLNs is generated in situ and is not a recruitment of immune cells from the MLNs, several parameters were assessed in both MLNs and PLNs of STZ-injected and Abx-treated STZ-injected WT mice with or without MDP supplementation. Interestingly, no differences were found between groups inside the MLNs in total cell count ([Fig. 7 A](#fig7){ref-type="fig"}), number of CD4^+^ ([Fig. 7 B](#fig7){ref-type="fig"}) or CD8^+^ ([Fig. 7 C](#fig7){ref-type="fig"}) T cells, and number of Th1 ([Fig. 7 D](#fig7){ref-type="fig"}) or Th17 ([Fig. 7 E](#fig7){ref-type="fig"}) cells, or in tolerogenic CD11b^+^CD103^+^ DCs ([Fig. 7 F](#fig7){ref-type="fig"}). Alternatively, MDP administration restored both Th1 and Th17 cell populations in the PLNs ([Fig. 7, G--K](#fig7){ref-type="fig"}), suggesting that the polarization of these pathogenic T cells was confined to the local draining LNs. Collectively, these data suggest that the recognition of commensal microbiota-derived MDP by the NOD2 receptor plays a critical role in the generation of pathogenic Th1 and Th17 cells inside the PLNs during STZ-induced T1D pathogenesis.

![**NOD2 activation is sufficient to restore Th1 and Th17 cells in the PLNs of diabetes-resistant Abx-treated STZ-injected WT mice.** Cells from the MLNs or PLNs of STZ-injected WT mice that were treated with a cocktail of Abx and supplemented or not supplemented with MDP were recovered and analyzed for total number of cells (A) and absolute numbers of CD4^+^ (B), CD8^+^ (C), Th1 (D), Th17 (E), and tolerogenic CD11b^+^CD103^+^ DCs (F) in the MLNs, or the frequency (G--I) and absolute numbers (J and K) of Th1 and Th17 cells inside the PLNs by flow cytometry. The total numbers of macrophages (L) and DCs (M) of Abx-treated STZ-injected WT mice supplemented or not supplemented with MDP were analyzed by flow cytometry. The production of IL-6 (N) and IL-12 (O) by macrophages in the PLNs of WT mice that were treated with MDP but did not receive any STZ injections, or Abx-treated, STZ-injected WT mice supplemented or not supplemented with MDP, was analyzed by flow cytometry. The results are expressed as the mean ± SEM (*n* = 4--6 mice per group). \*, P ≤ 0.05; \*\*, P ≤ 0.01; \*\*\*, P ≤ 0.001; n.s. = not significant.](JEM_20150744_Fig7){#fig7}

We also analyzed the myeloid cell compartment in these groups to further evaluate its contribution in driving a pathogenic Th1 and Th17 cell immune response inside the PLNs. Interestingly, antibiotic treatment abrogated the recruitment of both macrophages ([Fig. 7 L](#fig7){ref-type="fig"}) and DCs ([Fig. 7 M](#fig7){ref-type="fig"}) to the PLNs after the STZ injections. Notably, MDP was able to partially restore the macrophage levels inside the PLNs ([Fig. 7 L](#fig7){ref-type="fig"}). When analyzing the function of these macrophages that are recruited to the PLNs after MDP administration, we observed that whereas macrophages from Abx-treated STZ-injected WT mice fail to induce the production of IL-6 ([Fig. 7 N](#fig7){ref-type="fig"}) and IL-12 ([Fig. 7 O](#fig7){ref-type="fig"}), MDP administration was able to partially restore this proinflammatory immune response, thus demonstrating the importance of the NOD2 receptor in promoting a proinflammatory microenvironment inside the PLNs with a consequent induction of a pathogenic Th1 and Th17 cell immune response. Surprisingly, the administration of the NOD2 ligand MDP without the STZ injections was also able to induce the production of IL-6 and IL-12 by macrophages ([Fig. 7, N and O](#fig7){ref-type="fig"}, respectively). However, these mice did not develop diabetes (unpublished data). These data suggest that the NOD2 activation by the gut microbiota and the release of autoantigens by the damaged β cells caused by the low doses of STZ act synergistically to promote a pathogenic immune response, thus leading to STZ-induced diabetes.

DISCUSSION {#s08}
==========

We show here the importance of NOD2 in driving a proinflammatory immune response by myeloid cells, inducing the differentiation of pathogenic Th1 and Th17 cells, thus resulting in pancreatic insulitis and the consequent destruction of insulin-producing pancreatic β cells and STZ-induced T1D development. Mice lacking NOD2, but not NOD1, did not develop STZ-induced T1D and were unable to induce a Th1 and Th17 immune response in the PLNs and pancreas. Furthermore, diabetic mice had changes in the composition of the gut microbiota, which may be related to the observed bacterial translocation to the PLNs. Notably, antibiotic treatment impaired both the bacterial translocation to the PLNs and the changes in the gut microbiota, which was correlated with protection from the disease. Additionally, we show here that NOD2 plays a critical role in gut microbiota recognition because the addition of the NOD2 ligand, MDP, was sufficient to promote STZ-induced T1D in Abx-treated, STZ-injected WT mice. Interestingly, STZ-injected WT mice had an increase in different clades of bacteria in the gut microbiota that have been associated with increased susceptibility to T1D in humans, which could contribute to the development of the disease. Thus, our results demonstrate a novel role for NOD2 in the development of STZ-induced T1D, providing a new clue to the possible mechanisms involved in gut microbiota recognition and T1D development.

In the present study, we show that the NOD2 receptor, which is responsible for recognizing bacteria-derived MDP, is crucial for triggering STZ-induced T1D. This occurs through the recognition of the gut microbiota by NOD2 and a consequent increase in IL-6-- and IL-12--producing DCs and macrophages, as well as IL-17-- and IFN-γ--producing CD4^+^ and CD8^+^ effector T cells in the PLNs. Of note, no differences between T cells and tolerogenic CD11b^+^CD103^+^ DCs were found in the MLNs, indicating that the differentiation of a pathogenic immune response is confined to the PLNs. Interestingly, our results show that this recognition by NOD2 does not activate the adaptor molecule Rip2 because STZ-injected Rip2^−/−^ mice were able to induce the generation of Th1 and Th17 cells in the PLNs and developed STZ-induced T1D equivalently to WT mice. It has been shown by in vitro experiments that Rip2^−/−^ cells stimulated with MDP still activate JNK1/2 and p38 MAP kinases, suggesting that NOD2-mediated MAP kinase activation may involve other CARD domain-containing adapter proteins ([@bib66]). One possibility could be CARD9, as Card9-deficient mice exhibit defects in p38 MAP kinase and JNK activation in MDP-stimulated cells, whereas NF-κb activation remains unaffected ([@bib27]). Additionally, NOD2 has been shown to interact with CARD9 and activate both p38 and JNK1/2 MAP kinases ([@bib44]). Moreover, it has been shown that NOD2 is able to interact with other adaptor proteins, such as mitochondrial antiviral signaling (MAVS), during a viral infection ([@bib49]). Therefore, we believe that NOD2 activation in our model may involve another adaptor protein instead of Rip2.

The fact that not only Th1 cells but also Th17 cells were down-regulated in diabetes-resistant NOD2^−/−^ mice was also intriguing, considering that the role of Th17 cells in T1D is quite controversial. Although some studies show that IL-17 silencing does not protect NOD mice from T1D development ([@bib28]), results from other groups suggest a different outcome. The blockade of Th17 cells with a monoclonal anti--IL-17 antibody in the effector phase of the disease (10 wk of age) was shown to prevent NOD mice from developing diabetes ([@bib23]). Additionally, an increase in IL-17 was found in PBMCs from diabetic patients ([@bib4]). In the MLD-STZ mouse model, our group has already shown that STZ-injected IL-17R^−/−^ mice are resistant to STZ-induced T1D ([@bib67]). Accordingly, IL-23 co-administered with subdiabetogenic doses of STZ led to diabetes development ([@bib38]), thus corroborating a pathogenic role of Th17 cells in the disease. Our results demonstrate that IL-17--producing CD4^+^ and CD8^+^ T cells were decreased in the PLNs of diabetes-resistant NOD2^−/−^ mice, suggesting a pathogenic role for these cell subtypes in the disease. In addition, the presence of the NOD2 receptor in DCs was important in driving this Th17 immune response through the recognition of MDP and further production of cytokines important to the differentiation of Th17 cells, such as IL-1β, IL-6, and IL-23. Moreover, DCs from NOD2^−/−^ mice produced lower levels of IL-12 in vitro and in vivo and were unable to induce the differentiation of Th1 cells in vitro, which was correlated with the reduction in IFN-γ--producing CD4^+^ and CD8^+^ T cells in vivo. Interestingly, T reg cells, M2 macrophages, and tolerogenic CD11c^+^CD11b^+^ DCs were also up-regulated in the PLNs of diabetes-resistant NOD2^−/−^ mice. Overall, we believe that the activation of the NOD2 receptor in DCs plays an important role in this shift toward a proinflammatory microenvironment in the PLNs, inducing Th1 and Th17 cells and contributing to STZ-induced T1D susceptibility.

There is increasing evidence that environmental factors acting at the intestinal level, especially the diverse bacterial species that constitute the gut microbiota, are able to influence the course of autoimmune diseases in tissues outside the intestine both in humans and in preclinical models ([@bib54]). However, whether this process occurs through the homing of effector T cells primed with microbiota antigen-loaded DCs from the intestines to other tissues or if the bacterial content from the gut microbiota itself is able to escape to other tissues and further activate autoreactive T cells remains poorly understood. The fact that NOD2 recognizes the bacterial component MDP and that NOD2 was up-regulated in the PLNs of STZ-injected WT mice and NOD mice led to the hypothesis that commensal bacteria from the gut are able to translocate to the PLNs, thus triggering NOD2 activation and contributing to the generation of pathogenic effector T cells. In fact, we observed bacterial translocation to the MLNs in STZ-injected WT mice and, interestingly, to the PLNs in both STZ and NOD mouse models. Moreover, when mice were treated with Abx before STZ injections, they were completely protected from STZ-induced T1D development; this was correlated with the absence of bacteria inside the PLNs, but not in the MLNs, and with the consequent reduction in the Th1 and Th17 cell populations inside the PLNs. Interestingly, when the NOD2 ligand MDP was added to the drinking water of mice treated with Abx, hyperglycemia was reestablished after the STZ injections. These mice had an increase in IL-6-- and IL-12--producing myeloid cells and, consequently, in Th1 and Th17 cells in the PLNs but not in the MLNs, and a robust insulitis within the pancreatic tissue, thus confirming the role of NOD2 in recognizing these bacteria reaching the PLNs. Interestingly, we observed that the administration of MDP without the STZ injections is also able to induce production of proinflammatory cytokines by myeloid cells. However, these mice do not develop diabetes (unpublished data). Considering that STZ injections alone are not sufficient to trigger STZ-induced diabetes in Abx-treated WT mice and that MDP alone (without STZ injections) was also not able to induce the disease, we strongly believe that both NOD2 activation and the release of autoantigens by the damaged β cells caused by the low doses of STZ injections act synergistically to reach a threshold of β cell death that leads to hyperglycemia and consequently to diabetes. When DCs capture autoantigens from the pancreatic tissue that are released by the β cell death after the STZ injections and present them in a proinflammatory microenvironment in the PLNs (caused by bacteria activating NOD2), they skew the response toward a proinflammatory Th1/Th17 cell phenotype. Likewise, when DCs capture these autoantigens induced by the STZ injections and present them inside a noninflamed PLN (in the absence of NOD2 activation), these DCs will skew the response toward an antiinflammatory response through the induction of IL-10 and regulatory T cells.

Next, we assessed whether a different composition of the gut microbiota could also be associated with STZ-induced T1D development. Metagenomic analysis revealed that STZ-injected diabetic WT mice have an altered gut microbiota compared with vehicle-injected WT mice, with an increase in several genera of bacteria. Diabetic mice displayed a significant increase in the Bacteroidaceae family and the *Bacteroides* genus. These results recapitulate what has been found in type 1 diabetic patients, in which the Bacteroidetes phylum, the Bacteroidaceae family, and the *Bacteroides* genus were found to be more common in autoantibody-positive children than in autoantibody-negative peers ([@bib17]). We also found differences in the *Bifidobacterium* genus. More specifically, we found that it was increased only in diabetic STZ-injected WT mice but not in diabetes-resistant, Abx-treated STZ-injected or vehicle-injected WT mice. Similar results were also found among type 1 diabetic patients ([@bib17]; [@bib40]).

Interestingly, diabetes-resistant Abx-treated STZ-injected WT mice displayed a gut microbiota similar to vehicle-injected WT mice. One major difference was the increase in the phylum Verrucomicrobia and, at the genus level, the increase in *Akkermansia* in these mice. It has been shown that the resistance to T1D development in NOD mice fed a gluten-free diet is associated with an increase in *Akkermansia* ([@bib37]). Additionally, mice fed polyphenol-rich cranberry extract were protected from diet-induced obesity, insulin resistance, and intestinal inflammation in the gut microbiota. Interestingly, this protection was also associated with an increase in *Akkermansia* ([@bib2]).

Another interesting finding was that *Oscillospira* was increased only in STZ-injected diabetic mice. It has been reported that *Oscillospira* may be an important gut microbe that mediates the disruption of the intestinal epithelial barrier, thus causing the translocation of bacteria from the gut in a high-fat diet-induced gut dysfunction ([@bib32]). In this study, a negative correlation was found between the abundance of *Oscillospira* and molecules that are important in maintaining the integrity of the gut epithelial barrier, such as ZO-1. Therefore, these bacteria could be responsible for the so-called leaky gut phenomenon that has been extensively documented by the scientific community ([@bib60]; [@bib12]; [@bib33]; [@bib9]; [@bib62]). Considering that the peritoneal cavity is a route for microbes that escape from the gut microbiota ([@bib24]) and that the PLNs are constantly sampling antigens that come from the peritoneum and the gut ([@bib59]), we strongly believe that during STZ-induced diabetes, the bacteria or their microbial byproducts translocating from the gut microbiota are reaching the PLNs and promoting a proinflammatory microenvironment through the activation of the NOD2 receptor.

In summary, our results demonstrate that the gut microbiota recognition by NOD2 inside the PLNs is crucial in driving a Th1 and Th17 cell pathogenic immune response, thus contributing to STZ-induced T1D pathogenesis. These data suggest that the dysbiosis observed in type 1 diabetic patients might act as an important environmental trigger in the development of the disease and that strategies aiming at blocking NOD2 signaling early in the disease emerge as potential therapies to be applied in the future.

MATERIALS AND METHODS {#s09}
=====================

 {#s10}

### Mice {#s11}

8--12-wk-old male NOD1^−/−^, NOD2^−/−^, and Rip2^−/−^ mice generated on a C57BL/6 background were used, and the littermates of the corresponding knockout strains were used as controls. NOD/LtJ and NOR/LtJ mice were obtained from The Jackson Laboratory. Mice were reared under specific pathogen--free conditions. All animal procedures were approved by our local ethics committee (Comitê de Ética em Experimentação Animal \[CETEA\] from the University of São Paulo; Process number 193/2011).

### Diabetes model {#s12}

C57BL/6 mice ranging from 8 to 12 wk of age were daily injected i.p. with 40 mg/kg STZ (Sigma-Aldrich) for five consecutive days. STZ was diluted in sodium citrate buffer, pH 4.5, and immediately injected after preparation. Blood samples were collected from the tail vein of nonfasted mice, and glucose levels were determined with the glucometer system Accu-Chek Go (Roche). Mice were considered diabetic when glycemia was \>200 mg/dl after two consecutive determinations. Control mice received only sodium citrate buffer (vehicle) i.p. for five consecutive days.

### GTT and ITT {#s13}

Mice were fasted for 12 h (GTT) or 6 h (ITT). Next, a solution of 25% glucose (2 g/kg body weight) for the GTT or a solution of insulin (1.5 μI/kg body weight) for the ITT was administered into the peritoneal cavity. Blood samples were collected from the tail vein at 0, 5, 10, 15, 20, 25, and 30 min for the determination of blood glucose levels.

### Bone marrow--derived macrophages and DCs {#s14}

Bone marrow--derived macrophages from WT or NOD2^−/−^ mice were obtained as previously described ([@bib53]). The macrophages were then stimulated with IFN-γ (200 ng/ml) and LPS (1 µg/ml) for 48 h in the presence or absence of MDP (10 µg/ml). The supernatant was collected for cytokine quantification. Alternatively, bone marrow--derived DCs from either WT or NOD2^−/−^ mice were obtained as previously described ([@bib14]). Cells were then stimulated with LPS (200 ng/ml) for 24 h in the presence or absence of MDP (10 µg/ml). The supernatant was collected for cytokine quantification.

### Antibodies and flow cytometry {#s15}

The following monoclonal antibody conjugates were used: CD3ε (145-2C11), APC-Cy7; CD4 (RM4-5), PerCP; CD8α (53--6.7), FITC; IL-17 (TC11-18H10), Alexa Fluor 647 and PE; IFN-γ (557998), Alexa Fluor 700; RORγt (AFKJS), PE; Foxp3 (MF23), Alexa Fluor 647; CD11b (M1/70), Pe-Cy7; CD11c (HL3), APC-Cy7; F4/80 (BM8), PerCP-Cy5; IL-10 (JES5-16E3), APC and CD206 (C068C2), APC. All antibodies were obtained from BD or eBioscience. FACSCanto II or AccuriC6 (both from BD) cytometers were used for flow cytometry, and the data were analyzed using FlowJo (Tree Star). Fluorescence-activated cell sorting was performed using a FACSAria flow cytometer (BD). The isolation of naive CD4^+^ T cells for the in vitro experiments was performed with the CD4^+^ T Cell Isolation kit (Miltenyi Biotec). For the intracellular staining, cells were stimulated for 4 h with 50 ng/ml PMA (Sigma-Aldrich), 500 ng/ml ionomycin (Sigma-Aldrich), and Golgi Stop (1,000 X; BD). Cells were fixed in PBS containing 4% paraformaldehyde and permeabilized in PBS containing 1% FBS, 0.1% sodium azide, and 0.2% saponin. Antibodies were then added and cells were incubated for 20 min at 4°C. After the staining, the cells were washed and fixed in PBS containing 1% paraformaldehyde and further analyzed in a FACSCanto II or BD Accuri C6 cytometer.

### Antibiotic treatment, MDP supplementation, and fecal transplantation {#s16}

Mice were administered daily doses of 1.86 mg ampicillin (Sigma-Aldrich), 0.96 mg vancomycin (Sigma-Aldrich), 1.86 mg neomycin sulfate (Sigma-Aldrich), and 1.86 mg metronidazole (Sigma-Aldrich) diluted in 300 µl of drinking water by gavage for 2 wk before the injections with STZ. Throughout Abx administration, mice were supplemented or not supplemented with MDP (Sigma-Aldrich) in the drinking water at a fixed concentration of 1 µM to reconstitute MDP in the intestine. Alternatively, NOD2^−/−^ mice were treated with Abx for 2 wk, and then gavaged with 200 µl of fecal samples from C57BL/6 WT mice diluted in PBS. 10 d later, after their gut microbiota were colonized by the WT microbiota, these NOD2^−/−^ (designated as (NOD2\[WT\]) mice were injected with five doses of STZ and were analyzed for blood glucose levels 15 d later.

### Histology and immunohistochemistry {#s17}

Pancreatic tissue was fixed in 10% formalin and embedded in paraffin. 5-µm sections were affixed to slides, deparaffinized, and stained with hematoxylin and eosin (H&E). Morphological changes in the stained sections were examined under a light microscope. Immunohistochemistry reactions were performed on sections (5 µm) of formalin-fixed tissue, as previously described ([@bib67]). In brief, the sections were dewaxed, rehydrated, and incubated with peroxidase-blocking reagent (Dako) to block endogenous peroxidase. Next, the slides were incubated with PBS plus BSA 1% to block unspecific binding. Next, rabbit monoclonal anti--mouse insulin antibodies (Santa Cruz Biotechnology, Inc.) were applied to the sections, followed by incubation with LSABTM^+^ kit/HRP (Dako). The slides were stained with diaminobenzidine (DAB) according to the manufacturer's instructions (Dako). Finally, the sections were counterstained with hematoxylin, mounted, and analyzed. Alternatively, the In Situ Cell Death Detection kit (Roche) was used for the TUNEL staining, according to the manufacturer's instructions. For the insulitis score, ∼100 islets per group were analyzed and classified as no insulitis, peri-insulitis, and invasive insulitis.

### Serum insulin quantification {#s18}

The insulin concentration in the serum was determined using the Mouse Ultrasensitive Insulin ELISA kit (Alpco Diagnostics) according to the manufacturer's instructions.

### Cytokine quantification {#s19}

Pancreatic tissue was homogenized and centrifuged at 500 *g* for 10 min, and the supernatant was collected for the assessment of mouse IL-10, IL-17, and IFN-γ production (BD or R&D Systems) according to the manufacturer's instructions. Similarly, the supernatant from in vitro experiments was collected and analyzed for IL-1β, IL-6, IL-12p40, IL-17, IL-23, or IFN-γ production (BD or R&D Systems) according to the manufacturer's instructions.

### Real-time PCR {#s20}

Real-time PCR was performed as previously described ([@bib55]). In brief, mice were sacrificed, and the PLNs were collected. Total RNA was extracted with TRIzol reagent (Invitrogen) after the manufacturer's instructions. Reverse transcription of total RNA to cDNA was performed with a reverse transcription reaction kit (Superscript II; Gibco). Quantitative mRNA analysis by real-time PCR was performed with a StepOnePlus Real-Time PCR System (Life Technologies) using the SYBR Green fluorescence system as indicated by the manufacturer.

### 16S rRNA gene sequencing and statistical analyses {#s21}

16S rRNA gene sequencing was performed as previously described ([@bib43]). The Ribosomal Database Project classifier (RDP) and the May 2013 Greengenes taxonomy were used to assign taxonomy to representative OTUs ([@bib36]; [@bib64]; [@bib13]), and the Linear Discriminant Analysis Effect Size Galaxy module was used for additional statistical analyses ([@bib52]).

### DNA extraction and 16S rRNA gene PCR analysis {#s22}

The DNA extraction from the pancreatic LNs was performed using a DNeasy Blood and Tissue kit (QIAGEN) following the manufacturer\'s instructions. For the PCR analysis, 10 ng of DNA and 5 µM of the 16S primer (forward, 5′-TGGCTCAGGACGAACGCTGGCGGC-3′; reverse, 5′-CCTACTGCTGCCTCCCGTAGGAGT-3′) were used. The amplifications were performed in a QuantStudio 12K Flex (Applied Biosystems).

### Statistical analysis {#s23}

The results were expressed as the mean ± SEM. Differences between two unpaired groups were compared by Student's *t* test. Statistical variations between three or more groups within an experiment were analyzed by one-way ANOVA, followed by Tukey's post-test, using the Prism 6.0 statistical program (GraphPad). P \< 0.05 was considered statistically significant.
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